Abstract-A photodiode-amplifier circuit with the photodiode in the feedback path is presented. It is named the PIF-circuit. No resistor is needed at the amplifier input to provide a path to ground for the signal and leakage currents from the photodiode and the amplifier input bias current. Therefore, one potentially dominating noise source is eliminated. At frequencies below 10 kHz, the implemented PIF-circuit has an NEP N 3 fW'/&.
INTRODUCTION OMMON photodiode-amplifier circuits have a resistor
C connected to the amplifier input [l] , [ 2 ] . The resistor functions as a load element for the photodiode or as a feedback element for the amplifier. The resistor also provides the necessary dc-path to ground for signal and leakage currents from the photodiode and bias currents from the amplitifer input. The thermal noise contribution from the resistor decreases with increasing resistance. A limit of resistance is set by the allowed amplifier output offset voltage produced by the dc-current at the amplifier input. The bulkiness, the fragility, and the microphony of a high-resistance resistor make it less suitable in certain application areas, e.g., space instrumentation.
In the circuit proposed in this brief paper, the resistor is eliminated by placing the photodiode in the feedback path. The circuit has been given the acronym PIF, from Photodiode In Feedback. The outstanding feature of the PIF-circuit is its ability to detect weak light or radiation pulses. The gain of the circuit is dependent on background light or radiation, making it less suitable in applications where good linearity is a requirement.
An implementation of the PIF-circuit, discussed below, is designed to detect pulses with pulse lengths in the interval 0.1-1 ms. The circuit models to be presented have been chosen to be valid in the frequency band 10 Hz-100 kHz.
THE PIF-CIRCUIT
The gate current of an FET and the dark current of a photodiode are of the same nature-they are both leakage currents in reverse biased p-n junctions. With proper selection of devices and bias voltages, the currents can be made equal. The correct bias can be achieved automatically by placing the photodiode in the feedback path of an operational amplifier with FET's in the input stage. This is the PIF-circuit. Its circuit diagram is shown in Fig. I gain of the circuit which otherwise would be too low due to the pole created by the photodiode capacitance and resistance.
SMALL-SIGNAL ANALYSIS

A. Transfer Function
A linear small-signal model of the PIF-circuit is shown in Fig. 2 
cancelled due to the conditions below, which are valid for a correctly designed PIF-circuit:
The schematics of an implementation of the PIF-circuit is shown in Fig. 4 . The feedback components of the circuit are denoted by RI, R2, and C2. The amplifier consists of the cascode JZ-Ql followed by the operational amplifier XI.
B. Noise Analysis
A noise equivalent circuit of the PIF-circuit is shown in Fig. 3. The symbols I&, Ins, V n~, , l / n~l , V n~2 , and vna should be interpreted as the square roots of the spectral densities of the currents and voltages of the respective noise generators.
The total noise of the PIF-circuit is represented by a current noise source connected in parallel with the photocurrent source. With the usual assumption that all noise sources are uncorrelated, the spectral density of the total noise of the PIF-circuit becomes V. SIMULATIONS SPICE simulations have been made of the implemented PIFcircuit. Both the linear model, described above, and a complete SPICE model have been used. The parameter values used for the linear model are shown in Table I The magnitudes of the transfer functions using the linear model and the SPICE model are shown in Fig. 6 . To illustrate the influence of the photodiode bias point, several curves corresponding to different amounts of dc-current in the photodiode-generated by background light-are shown.
(10)
The function IC2 is approximately equal to one for frequencies well above 1 / ( 2~7 1 ) . Both the curve corresponding to the linear model and the curve corresponding to the SPICE model with no background generated dc-current conform well with the derived expression ( 2 ) for the transfer function.
C. Noise Properties
The square root of the spectral density of the noise current, given by a SPICE simulation, is shown in Fig. 7 . The lowfrequency noise is 1.4 fA/& and the break frequency is 10 kHz. For comparison, the thermal noise contributions from two fictitious resistors connected in parallel and in series with the photodiode are also shown.
The derived noise expression ( I 1) has been used to calculate the noise properties of the implemented PIF-circuit. The lowfrequency noise became 2.0 f V & and the break frequency lated break frequency should be scaled by a factor fi to give a correct result. Considering this and the general uncertainties in noise parameters, the calculated noise conforms well with the simulated noise.
VI. MEASUREMENTS
A. Pulse Response
An LED radiating at X = 650 nm was used as a light source for the pulse response measurements. The voltage pulse driving the LED was adjusted to produce a current pulse in the photodiode with similar parameters as in the simulations.
The result of the measurement of the pulse response is shown in Fig. 5 . Simulated responses, based on the linear model and the SPICE model with no background generated dc-current, are also shown for comparison.
B. Noise Propertier;
The spectral density of the output noise voltage of the implemented PIF-circuit was measured with a narrow-band spectrum analyzer. The result of the measurements, together with the result from a Monte Carlo simulation based on the SPICE model with no background generated dc-current, are shown in Fig. 8 In this context, a remarkable discovery was made: the shot noise in the gate current of an FET is not modeled in the SPICE model of an FET [4] . The shot noise in the gate current should be approximately equal to the shot noise in the photodiode leakage current because the currents are equal. Then both the simulated low-frequency noise and the simu-
A. Transfer Function
Measured pulse response and simulated results using both the linear model and the SPICE model of the implemented PIF-circuit conform well with (2).
For applications with input pulse lengths in the interval 0.1-1 ms, some further simplifications of ( 2 ) can be made. In the frequency interval 10 Hz-100 kHz the transfer function 
B. Noise Properties
The expression for the PIF-circuit noise (1 1) shows that the PIF-circuit has no noise contribution from a load or feedback resistor as other photodiode-amplifier circuits have [ 11. Fig. 7 shows the noise contribution from a parallel resistor of 100 MO resistance which could be typical for such a resistor.
Also shown in the figure is the noise contribution from a 10 R series resistor. This is included to stress the importance of a low series resistance in the photodiode and a low impedance level in the feedback network. The thermal noise in R, and R:! contributes to the total noise in the same manner as the amplifier voltage noise.
The measured output noise of the implemented PIF-circuit is less than the predicted noise at frequencies below 1 kHz and larger than the predicted noise above 1 kHz. The discrepancy could possibly be explained by incorrect parameters used in the models of the implemented PIF-circuit. No evidence of l/f-noise has been found in the measurements.
The maximum responsivity of the used photodiode SFH229P is 0.62 A/W at a wavelength of 850 nm. Together with the calculated noise 
VIII. CONCLUSIONS
A photodiode-amplifier circuit with the photodiode in the feedback path has been presented. It is named the PIF-circuit. The main benefit of the circuit is that it does not need a resistor to provide a path to ground for the signal and leakage currents from the photodiode and the bias current at the amplifier input. Therefore, a strong noise source is eliminated.
A low series resistance in the photodiode and a low impedance level in the feedback network are shown to be important in minimizing the noise of the PIF-circuit.
The PIF-circuit has been used and has shown its performance in several (rocket-borne) instruments built by one of the authors.
